22 #denotes equal contributions 23 24 2 The environmental bacterium Burkholderia pseudomallei causes 25 melioidosis, an endemic disease in tropical and sub-tropical countries. This 26 bacterium occupies broad ecological niches ranging from soil, contaminated 27 water, single-cell microbes and plants to human infection. Here, we performed 28 genome-wide association studies for genetic determinants of environmental and 29 human adaptation using a combined dataset of 1,011 whole genome sequences of 30 B. pseudomallei from Northeast Thailand (discovery cohort, number of clinical 31 isolates = 325, environmental isolates =428) and Australia (validation cohort, 32 number of clinical isolates = 185, environmental isolates = 73), representing two 33 major global disease hotspots. With these data, we (i) identified 47 genes from 26 34 distinct loci associated with clinical or environmental isolates from Thailand and 35 replicated 13 loci in an independent Australian cohort; (ii) outlined the selective 36 pressures on the genetic loci (dN/dS) and the frequency at which they had been 37 gained or lost throughout their evolutionary history, reflecting the bacterial 38 adaptability to a wide range of ecological niches; and (iii) highlighted loci 39 implicated in human disease. 40 41
infection results from environmental exposure associated with inoculation, ingestion or 48 inhalation of the bacterium, with increasing risk of acquisition for people with 49 predisposing health conditions or activities that increase exposure to soil or water such 50 as rice farming or drinking untreated water 5 . Infection can be acute, chronic, latent or 51 cleared 6 , with rare cases of human-to-human transmission being reported 7, 8 . Antibody 52 responses to B. pseudomallei can be found in healthy individuals living in endemic 53 areas in the absence of clinical symptoms 9,10 , suggesting that the majority of the 54 exposure is harmless or results in sub-clinical infection. B. pseudomallei can be found 55 in the stools of infected humans 11 and experimental murine models. 12 This provides a 56 potential mechanism for human-to-environmental transmission and the possibility of 57 repeated passage through the human host. Serial passage of Burkholderia cenocepacia 58 4 of 2.5 B. pseudomallei sequence types (STs) (range 1 -6 STs), with no difference in 93 bacterial diversity per household between cases and controls by MLST (Mann-Whitney 94 U test, p-value 0.785), pair-wise distance of core gene single nucleotide polymorphisms 95 (SNPs) (Mann-Whitney U test, p-value =0.230, Supplementary Fig. 2 ), or pair-wise 96 kmer distance (Mann-Whitney U test, p-value = 0.778). A subgroup analysis based on 97 diabetic status did not observe any differences between diabetics and non-diabetics. between the clinical and its closest household water isolate for A-175. This effectively 114 rules out the chance of the environmental isolates being immediately parental to the 115 infecting isolate. It is possible that the infecting isolate was acquired elsewhere, that it 116 represented a minority population in water that was not detected in this study, or that 117 the diversity varies over time. Nevertheless, these results still argue for a selective 118 process or bottleneck during acquisition, where not all isolates the patients are exposed 119 to lead to infection (albeit the bottleneck stringency may be influenced by routes of 120 acquisition and amount of exposure, as seen in 32 ). 121 122
Population structure of clinical and environmental isolates 123
We next evaluated the genetic content of the clinical and environmental isolates 124 in the discovery cohort by including a further 298 clinical isolates from patients 125 admitted to the same hospital (in total, 325 clinical and 428 environmental isolates). 126 Unlike many pathogens where isolates associated with disease contain substantially 127 fewer genes 33,34 , we observed a similar number of genes per genome (two-sided Mann-128 Whitney U test, p-value = 0.312) in clinical and environmental isolate collections. The 129 population structure of clinical and environmental isolates was defined using a 130 phylogenetic tree generated from core genes and multidimensional scaling (MDS) 131 generated from kmers ( Fig. 1b & c) . These results indicated that clinical and 132 environmental isolates were inter-mixed and co-circulating. We next tested for 133 potential genetic signals that were associated with infection or the environment by 134 estimating the correlation between bacterial phylogeny and distribution of source of 135 isolation on the tree using Pagel's λ 35 and Bloomberg's K 36 . The distribution of 136 "disease" and "environmental" origins was not random after correcting for sampling 137 bias ( Supplementary Fig. 3 ), indicating that there may be separable environmental and 138 clinical clades either at deep or shallow nodes 37 . This could reflect the presence of 139 bacterial determinants that mediate survival in human or environmental niches. 140 141
Genetic determinants associated with disease and environmental isolates 142
We applied two complementary genome-wide association (GWAS) methods (a 143 kmer-based 27 and a pan-genome based 38 ) to the 325 clinical and 428 environmental 144 isolates, which were controlled for population stratification (see methods). We note that 145 our "environmental" isolates could be capable of causing disease. However, this should 146 only reduce our power to detect association, not introduce false positive associations. 147
Of 24,856,071 kmers used to define the population, 38,813 (0.156 %) were associated 148 with "disease" or "environmental" origin. These were mapped onto the pan-genome to 149 identify potential genes, resulting in 365 "disease-associated" or "environmental-150 associated" genes ( Fig. 2) . The pan-genome based GWAS analysis identified 675 151 disease-associated or environment-associated genes. Comparison of output from the 152 two methods showed that 47 genes were detected by both (38 disease-associated and 9 153 environmental-associated genes), which account for 0.3% of the pan-genome. Based 154 on the size of operons of transcription fragments reported in Ooi et al. 39 , we grouped 155 these genes into 26 loci ( Supplementary Fig. 4 ). These 47 genes were evaluated in an 156 independent dataset from Australia (clinical isolates = 185, environmental isolates = 157 73), which showed that 13 gene clusters (27.7%) could be replicated (two-sided 158
Fisher's exact test, FDR < 0.01). The fact that isolates from Australia and Southeast 6 Asia represent distinct phylogenetic clades 19,40,41 is consistent with parallel evolution 160 for a proportion of the disease-associated and environment-associated genes. 161
Functional enrichment analyses of the 47 gene clusters in the discovery cohort 162 showed an elevated frequency of the term "Pathogenesis" and "Replication, 163 recombination and repair" (One-sided Fisher's exact test p-value 2.30 x 10 -7 , and 2.08 164
x 10 -12 respectively). The former may allow the bacterium to compete in specific 165 environmental niches or survive inside single-cell or multicellular organisms during 166 infection. Genes annotated with the term "Replication, recombination and repair" 167 largely comprise transposons that may act as markers or remnant elements for 168 horizontally transfered genes, or may inactivate gene function. Notably, 8 of 26 loci 169 consist of IS, transposons and integrase, which highlights the significance of 170 transposable elements in modulating bacterial genomes. 171 172
Selection pressures maintaining disease-and environmental-associated genes 173
We explored whether the 38 disease-associated and 9 environmental-associated 174 genes were under selective pressure by calculating the ratio of non-synonymous to 175 synonymous substitutions (dN/dS). The average for both groups were below 1, but the 176 ratio was significantly higher for environmental-associated compared with disease-177 associated genes ( Fig. 2b , Mann-Whitney U test = 0.0287), with both environment-and 178 disease-associated genes having higher ratio than core genes (Mann-Whitney U test = 179 2.62 x 10 -4 ). Despite a small number of genes being compared, this suggests that the 180 subset of genes in the environment-associated genes may be under reduced purifying 181 selection, or elevated diversifying selection, compared to disease-associated genes and 182 core genes, with disease-associated genes also having a stronger signal than core genes. 183
We further quantified the number of times each cluster was acquired or lost from 184 phylogenetic branches (Fig 2b & c) . Stochastic mapping of the presence of each 185 disease-or environment-associated cluster estimated that 45/47 genes were both 186 acquired and lost multiple times. One possible reason for multiple gain-and-loss events Supplementary Fig. 1 ). We assumed that isolates from 250 water were a fair representation of environmental isolates. The validation dataset 251 consisted of whole genome sequence data for 258 B. pseudomallei isolated in Australia, 252 which were downloaded from the NCBI database. These isolates have been described 253 previously 18-23 . In brief, isolates were from patients with melioidosis (n=185) and the 254 environment (n=73). The temporal and spatial distribution of isolates in this dataset is 255 summarised in Supplementary Fig. 1 . against-all BLASTP comparison at 92% sequence identity was used as described in 19 . 276
Genes were defined as core if present in ³99% of isolates. This led to 4,322 and 10,718 277 genes being classified as core and accessory, respectively. The number of core genes 278 identified fell within the range described previously 18 . 279 280 Estimating the population structure using multi-dimensional scaling 281
The population structure of the 753 Thai isolates was estimated from sequence 282 assemblies using Mash v. 1.1.1 53 , which captures information from intergenic regions, 283 core and accessory genes. Assemblies were shredded into their constituent kmers. The 284 pairwise distance between assemblies was estimated and computed into the 753 x 753 285 matrix. Metric multi-dimensional scaling (MDS) was performed using R cmdscale to 286 project the population structure into n-1 coordinates. The top three coordinates were 287 used to control for GWAS population stratification. 288 289
Estimating genome and gene evolution with phylogenetic trees 290
The population structure was also estimated using a phylogenetic tree based on 291 SNPs in the core genome. Single-copy core genes from 753 isolates, K96243 and 292
Bp668 were concatenated and aligned using Mafft v7.205 54 , followed by manual 293 inspection using SeaView 55 . This comprised 4,322 genes, representing on average 73% reconstruction with the actual origin versus randomised origins. Each reconstruction 317 was performed with 3 different simulation models (equal rate transition (ER), a 318 symmetric mode (SYM), and all rates different matrix (ARD)). We also tested 319 phylogenetic signals using Bloomberg K 36 using R package picante v. 1.7 60 to provide 320 further evidence of potential signals. To investigate whether results were affected by 321 sampling bias caused by using multiple isolates from the same environmental sample, 322
we sub-sampled the dataset to have a single environmental isolate from each of 48 323 households and an equal number of clinical isolates and resampled this 100 times. We 324 estimated the log-likelihood of the fit of disease vs environmental origins on the tree 325 with real and randomised data. 326 327
Detecting kmers associated with clinical and environmental isolates 328
Two separate GWAS were performed to screen kmers for associations with 329 source of isolation (clinical or environmental) using the 753 Thai genomes. Assemblies 330 were shredded into kmers of 9-100 bases, resulting in 24,856,071 kmers. All kmers 331 occurring in more than one assembly were counted using fsm-lite 332 (https://github.com/nvalimak/fsm-lite) as described in 27 , and filtered to retain kmers 333 that appeared in 5%-95% of samples. This is equivalent to the recommended 5% minor 334 allele frequency cut-off and reduced the data to 24,555,746 kmers. Further stringency 335 was added by testing kmer association using the c 2 -test (1 d.f.), in which only those 336 with a p-value <10 -5 were retained. This has been shown previously through simulations 337 to select for true positive associations 27 , and reduces the number of kmers linked to a 338 lineage but unrelated to true phenotypes. This step reduced the kmers to 300,325 kmers. 339
Seer 27 was then used to fit a logistic curve to binary data (clinical or environmental) for 340 each kmer. The first three principal components calculated from metric dimensional 341 scaling were used as covariates to control for bacterial population structure. This 342 resulted in 37,104 kmers associated with clinical isolates, and 1,709 kmers associated 343 with environmental isolates. All kmers were mapped to the K96243 reference 52 and the 344 raw assemblies of 753 isolates using BLAT v. 35 61 to identify the relevant genes and 345 gene variants. To allowed for mapping of low complexity kmers (length 10-26 base 346 pairs), the following parameters were used: blat -minMatch=1 -tileSize=8 -347 minScore=10. Only identical hits were retained. Any predicted coding sequences 348 (CDS) with more than 2 kmer hits were pooled and collectively termed "disease-349 associated" genes or "environment-associated" genes. 350
351

Determination of genes that distinguish clinical and environmental isolates 352
As a complementary approach, we performed a pan-genome based GWAS 353 using Scoary 38 on the Thai dataset. Two separate GWAS were performed to find genes 354 associated with source of isolation (clinical or environmental) while correcting for 355 population structure using the phylogenetic tree. Benjamini-Hochberg's method was 356 used to correct for multiple comparisons. Disease-associated or environment-associated 357 genes with a Benjamini-Hochberg adjusted p-value < 0.01 were reported and compared 358 for consistency with genes identified by the kmer-based GWAS. 359 360
Validation of genes associated with clinical and environmental source 361
Disease-associated or environment-associated genes that were identified by 362 both the kmer-based and pan-genome based methods (n = 47) were validated in an 363 independent dataset from Australia. Where genome assemblies were available, genes 364 were validated by searching for Australian orthologues using BLAT v. 35 61 allowing 365 for 92% identity, the same cut-off used in the pan-genome analysis. Where short reads 366 were available 23 , ARIBA 62 was employed to perform local assembly and mapping to 367 check for the presence or absence of genes. The sequence identity threshold (--368 cdhit_min_id 92) was adjusted to 92% for consistency. Gene distribution across 369 test was used to investigate any departures in the mean of dN/dS for genes associated 396 with disease, the environment, and core. 397 398
Estimating gain and loss of disease-associated and environment-associated genes 399
Gain or loss of disease-associated and environment-associated genes through 400 evolutionary history was quantified using make.simmap from the R package Phytools 401 v 0.6-44 69 with 1,000 simulations. We first compared likelihood scores for the presence 402 or absence of each gene across the phylogeny with the three different models (AR, ER 403 and SYM). ER was the best fit model in our dataset and was selected. Only genes with 404 a frequency > 0.01 were included in the analyses. 405 406
Statistics and visualisation 407
Visualisation of phylogenetic trees and statistical analyses was performed in R, 408 gene frequency in the discovery dataset Supplementary Fig 4 
